The td, ttrdB, and sunY introns of bacteriophage T4 each contain a long open reading frame (ORF). These ORFs are preceded by functional T4 late promoters and, in the case of the nrdB intron ORF, a functional middle promoter. Expression of phage-encoded intron ORF-IacZ fusions indicates that these T4 genes are highly regulated. The lack of translation of these ORFs from the early pre-mRNAs can be accounted for by the presence of secondary structures that are absent from the late RNAs. Because translation of the intron ORFs could disrupt core structural elements required for pre-mRNA splicing, such regulation may be necessary to allow expression of the genes in which they reside.
Group I and group II introns from a variety of sources contain long open reading frames (ORFs), which lie either entirely within the intron boundaries or occur in phase with the preceding exon. Intron ORFs in fungal mitochondria have thus far been shown to encode ribosomal proteins (Burke and RajBhandary 1982) , as well as functions associated with splicing (maturases) (Lazowska et al. 1980; Schmelzer et al. 1981; De La Salle et al. 1982; Anziano et al. 1982; Weiss-Brummer et al. 1982; Carignani et al. 1983; Rochaix et al. 1985) and with the implied mobility of group I and group II introns (Jacquier and Dujon 1985; Macreadie et al. 1985; Michel and Lang 1985; Colleaux et al. 1986; Dujon et al. 1986; Lemieux and Lee 1987) .
Therefore, it was of interest to find that each of the three group I introns in bacteriophage T4 contains a long ORF, each with a potential translational start within the intron Sj6berg et al. 1986; Tomaschewski and R/iger 1987) . These introns are located in the T4 genes td, nrdB, and sunY, which encode thymidylate synthase, the small subunit of ribonucleoside diphosphate reductase, and a 70-kD protein of unknown function, respectively. Recent evidence suggests that the td and sunY ORFs promote the mobility of their respective introns (M. Belfort, 8. Quirk, 4Present address: Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309 USA.
unpubl.), similar to the omega protein encoded within the intron of the large rRNA gene of yeast mitochondria (Jacquier and Dujon 1985; Macreadie et al. 1985) .
The three T4 intron ORFs are organized in an unusual manner. Although they start in a region looped out of the conserved core structure, their 3' ends overlap structural elements believed to be important in the excision of these introns. This arrangement prompted us to suggest a negative regulatory coupling of splicing and translation in this and other systems (Shub et al. 1987 (Shub et al. , 1988 . As a first step in testing this model, it was necessary to demonstrate that these intron ORFs are actually translated in vivo and to identify the transcripts from which they are expressed.
During the course of phage infection, a complex series of modifications and additions to the host RNA polymerase results in the synthesis of transcripts from early, middle, and late T4 promoters. Factors involved include the motA gene product, which is required for transcriptional activation of T4 middle promoters (Mattson et al. 1977; Brody et al. 1983; Guild et al. 1988) , and the product of gene 55, which encodes the RNA polymerase cr-subunit required for initiation of transcription from T4 late promoters (Kassavetis and Geiduschek 1984) .
We show here that the products of the T4 intron ORFs are synthesized during the course of T4 infection and therefore represent true genes within genes. Moreover, these ORFs are expressed from their own promoters, independently of the genes in which they reside.
Results

RNAs derived from the T4 td gene
To determine the kinetics of expression of RNAs derived from the T4 td gene, RNA was isolated from Escherichia coli B at 3, 6, 9, and 12 min after infection by wild-type T4B phage. An end-labeled oligodeoxynucleotide complementary to sequences in the second exon was annealed to these RNA preparations and extended using reverse transcriptase. At the earliest time after infection (3 min), the cDNA of 1.65 kb, corresponding to the pre-mRNA, was the major species present (Fig. 1A) . At 6 min postinfection an additional species of 0.65 kb became apparent (Fig. 1A) . This cDNA was the size ex- pected for the spliced mRNA (pre-mRNA with the 1016-nucleotide td intron removed). A third species of 0.98 kb began to appear at 9 min, becoming more prominent by 12 min (Fig. 1A) . Interestingly, the 5' end of the corresponding RNA fell in the region around the start of the intron ORF (Fig. 1B) . Extension of an intron-specific primer in the presence (Fig. 2, lanes 1-4) or absence ( Fig.  -2 , lane 5) of dideoxynucleotides mapped the 5' end of this delayed RNA to a C residue, 20 nucleotides upstream of the first AUG of the td intron ORF. The time course of appearance of this RNA species (Fig. 1C) suggested that it might have arisen from a T4 late promoter. To test this possibility, the primer extension experiments were repeated using RNA from cells infected with phage containing an amber mutation in gene 55. RNA was isolated from Su + or Su-cells at middle (7 min) or late (19 min) times after infection by either wild-type or T4 5 5~ phage. As predicted, when wild-type T4 RNA (55 +) from either host was used as template, the pertinent cDNA band was present at late (Fig. 2 , lanes 9 and 13), but not earlier (Fig. 2 , lanes 8 and 12), times after infection. Similar results were seen with RNA isolated from T4 55am phage grown in an ambersuppressing host (Fig. 2, lanes 6 and 7) . In contrast, the late RNA species was not present at either time after infection of a Su-host by T4 5 5~ phage (Fig. 2 , lanes 10 and 11), suggesting that the T4 gene 55 product is required for production of this RNA. Figure 1 . RNAs expressed from the T4 td gene. {A) Primer extension analyses, a2p-End-labeled td exon II-specific oligodeoxynucleotide was hybridized to RNAs isolated 3, 6, 9, or 12 min after infection of E. coil B by wild-type T4 phage and extended, using reverse transcriptase. Products were separated on a 5% polyacrylamide/8 M urea gel and subjected to autoradiography, a2p-End-labeled 123-bp DNA ladder (Bethesda Research Laboratories) (M1), and q, X174-HaeIII fragments {M2) were denatured and run as size standards. cDNAs attributable to the precursor RNA (pre-mRNA), spliced mRNA, and late RNA species present in the RNA samples are indicated. {B) Schematic representation of RNA species arising from the td gene. Small, filled boxes represent the oligodeoxynucleotide used as the primer in the experiment in A. The cDNA products are shown relative to the intron (filled ends represent the phylogenetically conserved core structural regions involved in intron excision) and exons of the td gene. The simplest interpretation of these data, n a m e l y that this ORF-encoding R N A arises from gene-55-dependent transcriptional initiation, is supported by the presence in this region of a sequence homologous to a T4 late promoter (Table 1) . Furthermore, we have ruled out the possibility of this late R N A being a splice product, as it appears w i t h identical kinetics in T4 td splicing-defective m u t a n t s (data not shown).
RNA products of the nrdB and sunY introns
The presence of a potential late gene w i t h i n the td intron prompted us to examine the sequences upstream of the other T4 intron ORFs. The nrdB intron ORF is preceded by consensus middle and late promoters, whereas a consensus late promoter is present 18 bp upstream of the sunY intron ORF (Table 1 ). To test w h e t h e r these potential promoters are actually used by T4, end-labeled oligomers c o m p l e m e n t a r y to sequences w i t h i n the ORFs were annealed to total R N A from cells (Su-) infected by wild-type T4, T4 motA~_~ (Mattson et al. 1977; Shinedling et al. 1987) , or T4 5 5~ phage and extended w i t h reverse transcriptase.
W h e n an nrdB intron oligomer is used to prime reverse transcription of wild-type RNA, strong stops are seen at the putative middle and late promoters at 7 m i n and 19 m i n after infection, respectively (Fig. 3 , lanes 5 and 10). A similar pattern is seen w h e n R N A from T4 m o t A~-i n f e c t e d cells is used (Fig. 3 , lanes 7 and 8), except that R N A arising from the putative middle promoter is reduced at 7 rain. Some transcription from this promoter is expected in T4 motAam phage, given the similarities of the -1 0 region of middle promoters to 
T4 late promoter c TATAAATAn n a y t R T A td intron ORF A A T A A A T A C T T C T A T A * nrdB intron ORF T A T A A A T A T G A T T A T A
sunY intron ORF TATAAATATGAATACG a Bases matching the consensus are underlined. b --30 and -10 refer to positions relative to the transcriptional start site Ifrom Guild et al. 19881 . c Bases indicated by uppercase letters represent nucleotides present in all 14 T4 late promoters used to determine this consensus (Kassavetis et al. 1986 ). Weaker homology (>10/14) is indicated by lowercase letters. Transcriptional start sites are denoted with asterisks (*). (y) Pyrimidine; (r) purine; (n) any nucleotide.
Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from These promoters fall in regions of potential secondary structure upstream of each of the T4 intron ORFs (Fig.  5) . In transcripts originating from the upstream early promoters, these hairpins are likely to occlude the ribosome binding sites of at least the td and sunY intron ORFs. This could account for the failure to observe the product of the td intron ORF from the cloned gene, both in vivo ) and in vitro (Chu et al. 1985) , under conditions where both the exon I product and thymidylate synthase are synthesized in large amounts. In contrast, transcripts expressed during phage infection from the middle and late promoters mapped above (Fig.  5 ) would lack these structures, presumably allowing translation of the intron ORFs. This arrangement is similar to that found in other T4 late genes that are present as part of early transcripts: soc, encoding a capsid protein (Macdonald et al. 1984 ), e, the T4 lysozyme gene , and, more recently, gene 49, which encodes endonuclease VII (Barth et al. 1988 ). Early expression of these genes is prevented by sequestration of translational initiation signals by complementary sequences not present in the late mRNA (Fig. 5) . It was of interest, therefore, to determine at what point in T4 infection the intron ORFs are translated.
Expression of the intron ORFs
To examine the expression of the intron gene products, in-frame fusions of the E. coli gene encoding ~-galactosidase were made with each of the intron ORFs. Constructs pDZX1, pJZE1, and pAZP1 are fusions of lacZ to the td, nrdB, and sunY ORFs, respectively (see Experithose utilized early in T4 infection {Brody et al. 1983; Guild et al. 1988) . In contrast, while the middle promoter still is used efficiently by T4 5 5~ phage {Fig. 3, lane 6), no RNA species arising from the T4 late promoter is detected (Fig. 3, lane 9) . These data indicate that the nrdB intron ORF is present as part of at least four separate RNA species during T4 infection: the early unspliced nrclB pre-mRNA, the excised intron, and middle and late mRNAs originating from separate promoters immediately upstream of its translational start.
These same RNA preparations were also used as templates for primer extension with an oligomer complementary to intron sequences of the sunY gene. The 7-min RNA preparations from all phage yielded a number of discrete bands (Fig. 4, lanes 8-10) . Like the common bands seen in Figure 3 , these may have arisen from potential early promoters or specific processing events at these sites. Our data cannot distinguish between these and other possibilities. As expected, an RNA extending from the putative late promoter was the major species present in 19 rain RNA isolated after infection by either wild-type T4 or T4 m o t A , m phage (Fig. 4, lanes 5 and 7) . This species was reduced greatly when RNA from T4 5 5~ phage was used as template (Fig. 4, lane 6) . Thus, it appears that the late promoter sequence upstream of each of the T4 intron ORFs is utilized during T4 infection. A sunY intron-specific oligodeoxynucleotide was used to prime eDNA synthesis from equal amounts of the RNA preparations described in the legend to Fig. 3 . Sequencing reactions (lanes 1-4) utilized 19 rain RNA from wild-type-infected cells as template. Labels are as in Fig. 3 . The arrows indicate the start of the late transcript, with residues shown at the left. The initiation codon of the ORF is boxed. mental procedures). For comparative purposes, lacZ fusions were also made with exon I sequences from the nrdB (pJZB1) and sunY (pAZH1)genes. To study their in vivo expression, each of these constructs was transferred into the phage genome via recombination between infecting phage DNA and homologous plasmid sequences flanking the fusions (Singer et al. 1981; Casna and Shub 1982) . Cells containing the fusion plasmids were infected with sah9, a phage containing a deletion of 2400 bp in the region between rIIB and gene 52 (Depew et al. 1975 ). Use of a sizable deletion ensured that the T4 genome would be able to accommodate a 3-kb insert while still maintaining sufficient terminal redundancy for phage viability (Shub and Casna 1985) . Progeny phage containing the lacZ fusions were identified by plaque hybridization and/or the formation of blue plaques on a lawn of lac deletion cells on X-Gal plates. Characteristic plaque phenotypes (td constructions), Southern blots (nrdB constructions), and protein labeling of phage-infected cells (nrdB and sunY constructions) were used to confirm the correct localization of the fusion genes within the phage genome (data not shown).
Enzyme assays were used to quantitate the levels of [3-galactosidase activity at various times after infection with each of the lacZ fusion phage (Fig. 6) . A parallel infection with saA9 rIIB (SSZ1), which contains an rIIB-lacZ fusion expressed early in infection, was used as an internal standard in each experiment.
In vivo expression of thymidylate synthase, the product of the phage td gene, has been well characterized. Beginning by 3-5 rain postinfection (Trimble et al. 1972; Belfort et al. 1985) , enzyme production parallels the synthesis of the phage-encoded rIIB-lacZ fusion protein ( Fig. 6A ) and correlates well with the appearance of the mature td mRNA ( Fig. 1C ; Belfort et al. 1985) . However, initiation of synthesis of the td intron ORF-lacZ fusion extrapolates to -12 rain after phage infection (Fig. 6A ). This expression correlates with synthesis of the delayed RNA rather than the pre-mRNA, which also contains the ORF coding sequence. An amber mutation in gene 55 eliminates [3-galactosidase activity in this construct in Su-cells, but not in Su + cells (Fig. 6A) , indicating that this intron ORF is a true late gene.
Differential expression of the exon I and intron ORFs is also seen in the T4 nrdB (Fig. 6B) and sunY (Fig. 6C) genes. The exon I-lacZ fusions are expressed early after infection, with a time course similar to the rIIB-lacZ fusion (not shown) in each experiment. Expression from the nrdB intron ORF-lacZ fusion lagged behind that of the exon I fusion, with a dramatic increase in production of the intron ORF fusion protein extrapolating to -8 min (Fig. 6B) . These data are consistent with expression of the nrdB intron ORF from both the middle and late mRNAs but not the early pre-mRNA. However, preliminary experiments suggest that introduction of the 55~m mutation does not appreciably alter the time course of synthesis of this fusion (data not shown). Synthesis of the sunY intron ORF fusion is not detected before 10 min after infection and is completely dependent upon the phage gene 55 (Fig. 6C) . Thus, like the ORF within the td intron, the sunY intron ORF encodes a late T4 protein.
Discussion
The data presented here demonstrate that the T4 intron ORFs are functional genes expressed from their own pro- rooters independently of the genes in which they reside. Although also present as part of early, intron-containing transcripts, these genes are not expressed until later in phage infection. This is consistent with our prediction that efficient splicing should be incompatible with translation of the ORFs (Shub et al. 1987 (Shub et al. , 1988 . In the case of the td and sunY intron ORFs, this inhibition of translation is most likely due to the occlusion of their Shine-Dalgarno (S/D) sequences by stable secondary structures in the early mRNAs. Such structures are involved in the regulation of at least three other T4 late genes: e, soc, and 49.
The data indicate that regulation of the nrdB ORF may also occur at other levels. Like the td and sunY ORFs, the nrdB intron ORF is not expressed early in infection, despite its presence as part of the pre-mRNA. The reasons for the delay are not as clear cut as for the td and sunY ORFs, however. The lack of early translation of the nrdB intron ORF could be accounted for if that gene is initiated at the UUG 3' of the proposed hairpin, which is preceded by a potential S/D sequence 8 nucleotides upstream (Fig. 5) . In this secondary structure, the first AUG of the ORF would be free for translation, although the length (3 nucleotides) and spacing of the potential S/D sequence upstream of this AUG suggest that it would be used inefficiently (Stormo et al. 1982) . A1-though not common, UUG is used as an initiation codon in some E. coli genes (Gren 1984) . Independent evidence suggests that this UUG is used as a ribosome initiation site (D. McPheeters and L. Gold, pers. comm.), although expression of the intron ORF from this codon would also require a frameshift in this region. The low level of expression of the nrdB-lacZ fusion may reflect this additional level of regulation. Currently, we are investigating this possibility, as well as the use of other AUGs in the ORF.
The products of the T4 intron ORFs are nonessential, as demonstrated by the viability of phage containing intron O R F -l a c Z fusions. This is not surprising, given the variable occurrence of these introns among the T-even phage Quirk et al. 1988 ) and the viability of T4 phage containing exact deletions of one or more of these introns (D. Bell-Pederson, M.Q. Xu, and J. Gott, unpubl.) . Indeed, given the function of the td and sunY intron ORF products in promoting intron mobility, the introns and their ORFs may simply represent molecular parasites, conferring no selective advantage to the phage. However, because the occurrence of separate, regulated promoters upstream of intron ORFs is unique to T4, this complex gene arrangement may play a functional role in the phage. This could involve either regulation of the td, nrdB, and sunY genes or diminution of possible deleterious effects of the ORFencoded gene products.
A striking property of the three introns is that although the core elements involved in splicing are extremely similar in each, their ORFs bear no relationship to each other at the primary sequence level. Thus, although the core structures undoubtedly have a common ancestry, the ORFs seem to have arisen independently. Similar conclusions have been drawn for a Neurospora mitochondrial intron, which contains different ORFs in two closely related species (Mota and Collins 1988) . The resemblance of the T4 introns and their ORFs to those found in other systems leads to interesting questions regarding both the origin of these introns and the mechanism by which these introns become established in such diverse biological niches.
Experimental procedures
RNA extraction
Cells were grown at 30°C in TBYE (1.0% Bacto-tryptone, 0.5% NaC1, and 0.5% yeast extract) or in M9S plus 0.4% glucose [a minimal medium supplemented with amino acids (Bolle et al. 1968) ] to an Abs6s 0 of 0.2-0.3. Media were supplemented with 50-100 ~g/ml ampicillin for plasmid-carrying strains. T4 infections were at a moi of -7. Cells were chilled rapidly, pelleted, and washed twice in 10 mM Tris-HC1 (pH 7.5) and 100 }xg/ml chloramphenicol. RNA was extracted from cell pellets lysed by the lysozyme freeze-thaw method (Gott et al. 1986 ).
End labeling of oligodeoxynucleotides
Twelve pmoles of oligodeoxynucleotide were incubated for 45 min at 37°C in 100 mra Tris-HC1 (pH 8), 5 mM DTT, 10 mM MgC12, and 0.2 mM spermidine, in the presence of 50 tzCi [a-32P]ATP (3000 Ci/mmole) and 1 unit T4 polynucleotide kinase. Samples were heated to 95°C for 3 min and quick-cooled on ice. End-labeled oligomers were either passed over Elutip-d columns (Schleicher & Schuell) to reduce unincorporated label (for DNA sequencing and as hybridization probes) or deproteinized and ether extracted (for RNA sequencing).
Primer extension and cDNA dideoxy sequence analysis
Deproteinized RNA from T4-infected cells or single-stranded plasmid DNA was used as template for reverse transcription. Synthesis of cDNA in the presence of ddNTPs was according to Ehrenman et al. (1986) . For determination of the 5' ends of intron-specific RNAs, dideoxynucleotides were omitted from the RNA reactions. The primers used in these experiments included td exon II 5'-CCCCTGGAATAAGATTACAC-3' (coordinates 1839-1858 of Chu et al. 1984) ; td intron 5'-CTTTAG-CACTTCCTACATATAC-3' (coordinates 946-967 of ; nrclB intron 5'-GTCCCGTTCTTAACCATTTC-3' (coordinates 1439-1458 of Sj6berg et al. 1986 ); and sunY intron 5'-GACTTATCAGGAA_ATCTTACC-3' (coordinates 3067-3087 of Tomaschewski and Rfiger 1987) .
Construction of lacZ fusion plasmids
pDZX1 contains an in-frame lacZ fusion to the td intron ORF at the unique XbaI site engineered into plasmid pUCTdh 1-3 . The fusion was created by ligating the XbaI-EcoRV-digested td plasmid to XbaI-DraI-cleaved pFR97,
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which contains the lacZ sequences in the appropriate frame relative to the XbaI site (Shapira et al. 1983) . Those transformants in lac deletion strain M182 that gave positive hybridization signals with both lacZ and td (exon I) oligodeoxynucleotide hybridization probes were checked by restriction analysis for the appropriate fusion joint and for blue colony color on plates containing X-Gal and IPTG.
pJSS10, a plasmid containing the entire nrdB gene, was used to generate the nrdB-lacZ fusions. To create pJSS10, the 2491-bp SphI-SnaBI fragment of pJSE17 (Gott et al. 1986; Sj6berg et al. 1986 ) was inserted into the SphI and SspI sites at positions 926 and 3015 of pBSM13 + (Stratagene, Inc.). pJSS10 confers resistance to ampicillin but lacks the lac a-complementing sequences of the vector. To construct the exon I-lacZ fusion pJZB1, pMC1403 (Casadaban et al. 1980 ) was cut with DraI, ligated to BamHI linkers (8-mers), cut with BamHI, and ligated to BglII-digested pISS10, pJZE1 was made by ligating EcoRI linkers (10-mers) to DraI-digested pMC1403, cutting with EcoRI, and ligating to pISS10 that had been linearized at the unique EcoRI site within the intron ORF (Sj6berg et al. 1986 ). Ampicillin-resistant transformants of lac deletion cells able to form blue colonies on X-Gal plates were selected, and their DNA subjected to restriction analysis.
The plasmids pAES1 and pAH100 were used to construct the sunY exon I-lacZ and intron ORF-lacZ fusions, respectively. pAES1 contains a 1199-bp SspI fragment that includes all of exon I and ends within the intron ORF, inserted into a derivative of pNC7 (Casna and Shub 1982) , which has the T4 rII sequences deleted. This fragment (positions 2071-3270 of the sequence of Tomaschewski and Rflger 1987) was subcloned from pMSS481 (kindly provided by M.-Q. Xu), which contains this fragment cloned into the HincII site of pBSM 13 +. pAH100 contains a 785-bp HindIII fragment (positions 3179-3964 of Tomaschewski and Rfiger 1987) that includes the 3' end of the intron ORF and exon II sequences. The exon I-lacZ fusion, pAZH1, was constructed by ligation of HincII-digested pAES1 with pMC1871 (Shapira et al. 1983) , which had been digested with SalI and filled in using Klenow fragment and dNTPs. pAZP1, the intron ORF-lacZ fusion at the PvuII site at position 3549 (Tomaschewski and Rfiger 1987) , was made by cutting pFR97 with HindIII, filling in the 5'-overhanging ends with Klenow fragment and dNTPs, digesting with DraI, and ligating to PvuII-digested pAH100.
Transfer of plasmid sequences into the T4 genome
Plasmid-containing strains at 2 x l0 s cells/ml were infected at a moi of 1 and, after 5 rain at 30°C, diluted 100-fold into fresh medium. Cultures were shaken vigorously for 1-2 hr at 30°C before the addition of chloroform. Progeny phage were plated and screened for recombinants using plaque hybridization techniques and/or the formation of blue plaques on X-Gal plates.
Phage crosses
To introduce a conditional defect in late transcription into the fusion phage, E. coli BE was coinfected with phage containing the intron ORF-lacZ fusions and amBL292 (55~). Progeny phage containing both the lacZ fusions and the 55~ mutation were identified as those forming blue plaques on a lawn of lac deletion cells (SU+am) on X-Gal plates and by their inability to form plaques on Su-strains). Presence of the 55~ mutation was confirmed by complementation spot tests. Phage containing known amber mutations and phage to be tested were spotted onto a Su-lawn at a concentration of 10 ~ phage/ml, and the spots were allowed to run together. After overnight in-Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from cubation at 30°C, each combination was scored for its ability to lyse the host.
13-Galactosidase assays
B E (sup °) and B4o (supD; Pribnow et al. 1981) were grown at 37°C in M9S medium to an Abs6oo of 0.3, infected at a moi of -7 phage per cell, and assayed as described by Miller (1972) . Cultures were sampled and assayed immediately after infection to determine background levels due to basal enzyme activity present in the cell culture and phage stock. These background levels have been subtracted from the data presented in Figure 6 .
